Global Digital Elevation Models (GDEMs) are datasets of vital importance for regional-scale analysis in areas such as geomorphology, [paleo]climatology, oceanography and biodiversity. In this work I present a comparative assessment of the datasets ETOPO1 (1' resolution), GTOPO30, GLOBE, SRTM30 PLUS, GMTED2010 and ACE2 (30") against the altitude of the world's ultra prominent peaks. GDEMs' elevations show an expected tendency of underestimating the peak's altitude, but differences reach 3,500 m. None of the GDEMs captures the full range of elevation on Earth and they do not represent well the altitude of the most prominent peaks. Some of these problems could be addressed with the release of NASADEM, but the smoothing effect caused by moving-window resampling can only be tackled by using new techniques, such as scale-adaptative kernels and curvature-based terrain generalisation.
INTRODUCTION
Global Digital Elevation Models (GDEMs) are datasets of vital importance for regional-scale analysis in areas such as geomorphology, climatology, oceanography and biodiversity. Geomorphological studies at sub-continental (Fielding et al., 1994; Miliaresis, 2006) to continental or global scale (Harrison et al., 1983; Cogley, 1985) , as well as the relationships between large-scale landforms (i.e., mountain ranges, basins) and tectonic settings (Mayer, 2000) , need to be carried out with digital elevation data.
Among the applications of DEMs with global coverage, one can cite its applications in development of geopotential global models (Arabelos, 2000) , evaluation of glacier volume change (Berthier et al., 2006) , climatic modelling (Moore et al., 1991; Thomas et al., 2004) or even in navigation systems for commercial aviation (Fox et al., 2008) .
Although global elevation datasets are available at fine resolutions such as the 30m global SRTM (NGA, 2014; JPL, 2014) , ASTER GDEM (Tachikawa et al., 2011) , ALOS World3D (Takaku et al., 2014) or WorldDEM (Krieger et al., 2009) , coarser resolution data still is widely used, specially in global-scale climatic simulations where grid cell size constrains the computational cost of numeric models and results are usually presented at resolutions of 2
• or coarser (Thompson and Pollard, 1995; Schmidt et al., 2006) . Global climatological data has only recently been made available at 1' resolution (New et al., 2002; Hijmans et al., 2005) . Berry (1999) points the risks of a comparison of GDEMs based only on statistical correlations, since issues which are common to two datasets will not be highlighted and that errors in mosaicking data from different sources are not usually observed in hypsometric or contour line maps given the large variability of elevation in the planet's topography. This author cites the importance of using an independent dataset for analysis and uses satellite radar altimetry data from ERS-1 and ERS-2 (European Remote-Sensing Satellite) for comparisons with GLOBE and JGP95E (Berry, 1999) and with SRTM (Berry et al., 2007) .
In this work a comparative assessment of GDEMs is presented for the following datasets: ETOPO1 (1' spatial resolution, approx. 2 km at the Equator), GTOPO30, GLOBE, SRTM30 PLUS, ACE2 and GMTED2010 (30", ∼ 1 km). The GDEMs' elevation was compared with a database of the altitude of mountain peaks with ultra topographic prominence, in order to evaluate the sensibility of regional-scale data to features distinctively marked in the landscape, although of little areal expression.
GLOBAL DEMS
In this section, a brief descriptions of the GDEMs analysed in this is study is presented. The datasets are described in a chronological order.
GTOPO30
In 1996 the US Geological Survey (USGS) released GTOPO30, a global DEM with 30" (∼ 1 km) spatial resolution. This model was developed by the USGS Earth Resources Observation and Science (EROS) with cooperation from the NGA, National Aeronautics and Space Administration (NASA), United Nations Environment Programme/Global Resource Information Database (UNEP/GRID), US Agency for International Development (US-AID), Instituto Nacional de Estadistica Geografica e Informatica (INEGI -Mxico), Geographical Survey Institute (GSI -Japan), the Manaaki Whenua Landcare Research (New Zealand) and the Scientific Committee on Antarctic Research (SCAR) (Gesch et al., 1999) .
GTOPO30 is certainly an important milestone in the development of Geomorphometry, given its availability and level of detail. The model was widely used in regional and continental-scale analysis such as climatic modelling, hydrology, geomorphology and geometrical adjustment of satellite imagery.
GLOBE
The GLOBE project (Global Land One-Kilometer Base Elevation) aimed at producing a global DEM with 30" of spatial resolution, managed by an international team, in an independent manner (the 'independence' refers to restrictions imposed by federal agencies of several countries and contracts with military laboratories) (Hastings and Dunbar, 1998; GLOBE Task Team et al., 1999) .
Two other global DEMs with 30" resolution were developed in the course of the years of GLOBE production. The Jet Propulsion Laboratory (JPL) developed a DEM from DTED data for internal use at NASA, while the USGS created GTOPO30. These two DEMs were used in GLOBE, although its differential was in data contributed directly by the National Oceanic and Atmospheric Administration (NOAA) and the fact that it was designed as a continuous program, where new data would be added as they became available.
ACE/ACE2
The global DEM ACE (Altimeter Corrected Elevations), with 30" resolution, was created by combining ERS-1 (European Radar Satellite) radar altimetry with public topographic data (Berry et al., 2000) . With the release of SRTM, the techniques developed for the first ACE version were used to enhance SRTM data. ACE2 (Berry et al., 2008 ) is based on 03" SRTM data between 60
• N and 60
• S latitude and GLOBE and ACE data for higher latitudes.
A comparison of radar altimetry data with SRTM showed strong differences in the Amazon and Congo forests (with higher elevations for SRTM, due its characteristic of representing canopy height in densely vegetated areas). In those areas, SRTM data was replaced by radar altimetry. In the other areas, altimetry data was used to warp SRTM to decrease the elevation differences (Smith and Berry, 2011) .
SRTM30 PLUS
The Shuttle Radar Topography Mission was a cooperation among NASA, NGA, DoD, the Deustches Zentrum für Luft-und Raumfahrt (DLR, Germany) and the Agenzia Spaziale Italiana (ASI, Italy). The STS-99 space mission of the Endeavour Space Shuttle flew during 11 days in February 2000; its main objective was the topographical mapping of continental areas between 60
• S (about 80% of the Earth's land masses) with radar interferometry (InSAR). Data was produced with two sensors: Spaceborne Imaging Radar-C (SIR-C, 5.6 cm wavelength) and X-band Synthetic Aperture Radar (X-SAR, 3.1 cm). A detailed review of the SRTM mission is given by Farr et al. (2007) . SRTM30 PLUS (Becker et al., 2009 ) is a global DEM with 30" resolution, created by combining data from several projects. In the continental areas, data is mainly from USGS SRTM30, a resampling of original SRTM data to 30". For high latitudes, where there is no SRTM data available, data is from GTOPO30. Oceanic areas are based on Smith and Sandwell (1997) with 01' resolution between latitudes 81
• N and 81 • S; arctic bathymetry is from the current version of IBCAO (Jakobsson et al., 2012) . Higher resolution data was incorporated from the LDEO Ridge Multibeam Synthesis Project, JAMSTEC Data Site for Research Cruises, and the NGDC Coastal Relief Model.
ETOPO1
ETOPO1 has 01' resolution (∼2km) and, as its predecessors, is based on multiple data sources (Amante and Eakins, 2009 ). Continental areas are based mainly on SRTM30 PLUS and the ocean bathymetry is from Sandwell and Smith (1997) . For high latitudes of the northern hemisphere GLOBE data was used for land elevation and IBCAO for oceans. Regional bathymetric data were used for the Baltic Sea, Caspian Sea, Great Lakes, Golf of California, Sea of Japan, Mediterranean Sea ans the coastal zone of the USA.
There are two versions of ETOPO1: one with the elevation of ice masses in polar regions ("Ice surface" version) and one with the topography of the bedrock underneath these ice sheets ("Bedrock" version). For Antarctica, data derives from BEDMAP and for Greenland from the National Snow and Ice Data Center (Bamber, 2001 ).
GMTED2010
The Global Multi-resolution Terrain Elevation Data (GMTED 2010) is the product of a collaboration between the USGS and NGA to produce a global DEM to be the successor of GTOPO30, GLOBE and others of similar spatial resolution (Danielson and Gesch, 2011) . It is available in three resolutions (approximately 1,000 m, 500 m and 250 m) and its main data source is a SRTM version with 01" resolution, restricted to the NGA and not available to the general public.
Other data sources include the Canadian Digital Elevation Data (CDED), SPOT 5 Reference 3D, NED for the continental USA and Alaska, GEODATA 9 Second Digital Elevation Model for Australia, DEMs for Antarctica and Greenland from laser altimetry (ICESat and GLAS data) and satellite radar (ERS-1 data).
GMTED2010 is distributed as raster grids where each grid cell stores a numeric value that represents a geographic attribute for that unit of space (mean, median, minimum, maximum, standard deviation, subsampling and breakline emphasis). In this work the grid representing the mean values of elevation at 1000m resolution was selected, since it is considered a fair approximation of data acquired by a remote sensor at this resolution (Grohmann et al., 2010) , and because only the 'mean' and 'subsampling' layers contains elevation data for Greenland and Antarctica.
METHODS

Data Processing
Data processing was performed in GRASS-GIS 6.4.5 (Neteler et al., 2012; GRASS Development Team, 2014) through Python scripts (Python Software Foundation, 2013) using the Pygrass library (Zambelli et al., 2013) to access GRASS datasets. Statistical analyses were performed with the Python libraries Scipy, Numpy and Matplotlib (Oliphant, 2006; Hunter, 2007 ; The SciPy community, 2013).
Topographic Prominence
The topographic prominence of a mountain is defined as the vertical distance between its peak and the lowest contour line encircling it (that is, a pass or a sadlle) but not another higher peak (Llobera, 2001; Maizlish, 2003; Podobnikar, 2012) (Fig. 1) . It is also known as primary factor, drop, relative height, island height or re-ascent, and can be seen as the elevation of a summit relative to the highest point to which one must descend before reascending to a higher summit (Maizlish, 2011) .
Ultra-prominent peaks (or simply ultras) are those with topographic prominence of 1,500 m (4,921 ft) or more. A database of the world's ultras was downloaded from the http://peaklist. org website (Maizlish, 2011) as a KMZ file with 1,524 entries and attributes such as peak's name, location (country, coordinates), elevation, prominence, alternative names and additional comments. According to the author, the peak's elevation was obtained from different sources for each geographical region (see http://peaklist.org/ultras.html).
RESULTS
The differences between altitudes of ultra-prominent peaks and analysed GDEMs are shown as scatter plots and histograms in Fig. 2 . In the scatter plots, the thin grey line represents a 1:1 ratio and the best-fit line is in green. Due the high asymmetry of the histograms, a Kolmogorov-Smirnov test was performed to evaluate their goodness of fit with long-tailed distributions. The exponentially modified Gaussian distribution (EMG) presented the best results. Descriptive statistics of the differences between ultras and GDEMs are shown in Table 1 . Values of Mean, Median, Standard Deviation, Skewness and Kurtosis were calculated based on the EMG fitted to the data.
A general tendency of underestimation of elevation in the GDEMs is expected, due the lower resolution of older datasets and by the smoothing effect of resampling finer DEMs into coarser ones (Carter, 1992; Zhang and Montgomery, 1994; Chow and Hodgson, 2009; Grohmann, 2015) , as is the case with SRTM30 PLUS and GMTED2010.
All datasets show a positive asymmetry in the distribution of the errors, with means larger than the medians. Differences for ETOPO1 show less asymmetry than the other datasets, with the smaller skewness and larger median.
Values of mean and median are very similar for GMTED2010/ GTOPO30 and for ACE2/GLOBE, which can indicate that data from the older GDEMs was used as source for the younger ones. This is documented in the case of ACE2, but there is no indication of such practice for GMTED2010.
Visually, ACE2 shows more dispersion about the best-fit line than the other datasets, while ETOPO1 shows less dispersion. GTOPO30 and GLOBE are very similar, indicating a similar source for elevation data in mountainous areas. Fig. 3 maps with the location of ultra-prominent peaks, coloured according to the standard deviation of the differences between altitude of peak and analysed GDEM. Larger values occur, as expected, in remote areas such as the Himalayas, Antarctica and Greenland. Other than these regions, SRTM30 PLUS show high differences in the Patagonian Andes (Fig. 3A) , and GMTED2010 is similar to SRTM30 PLUS, but with smaller differences in Greenland (Fig. 3B ).
ACE2 shows more peaks with large altitude differences in the Himalayas and the Guyana Shield than others GDEMs (Fig. 3C) . apparent in the Himalayas, Antarctica, Greenland, equatorial Andes, Guyana Shield, Patagonia and Southeast Asia.
DISCUSSIONS AND CONCLUSIONS
None of the GDEMs captures the full range of elevation on Earth and they do not represent well the altitude of the most prominent peaks.
For all datasets, maximum differences exceed 3,300m, which is not compatible with smoothing from resampling, and may indicate positioning errors of the peaks in the ultras database. In regions with steep, mountainous terrain, and lack of high-quality topographic maps, the coordinates of peaks in the maps used as source may not be accurate, and a small difference in its positioning can be sufficient for sampling a pixel located in the footslopes of a mountain.
All datasets that use SRTM as source show large errors in high latitude regions, that is, areas outside the limits of SRTM coverage, in which ancillary data was used (e.g., GTOPO30). These discrepancies can be addressed with data from newer GDEMs generated with satellite InSAR (WorldDEM) or optically derived GDEMs, such as ASTER GDEM or ALOS World3D.
NASADEM will be the product of an effort within the NASA MEaSUREs program to combine SRTM elevation with data from other sensors, to generate a void-free, global DEM with 01" (∼30m) resolution. SRTM raw data will be reprocessed with improved algorithms (better handling of Beam Adaptive Tracker, phase unwrapping, etc) and use of NASA cloud computing resources. Ancillary data include ASTER GDEM V2, SPOT stereo and NED. ICESat altimetry will be used to improve ground control on existing elevation data. Processing and distribution will be on a continent-by-continent basis, with releases throughout 2016 (Kobrick et al., 2011; Kobrick and Crippen, 2015) .
A lower-resolution (i.e., 30" or coarser) GDEM derived from NASADEM has the potential to address most of the differences between GDEMs and the elevation of ultra-prominent peaks showed in this paper, except for the smoothing effect of resampling a DEM into a coarser one.
To create a global DEM at a low resolution and still be able to depict the fine-scale elements of the landscape such as mountain peaks, the averaging-by-moving-window approach must be either abandoned or at least complemented by new techniques. Scale-adaptative kernel filtering or curvature-based methods have been proposed for classification and generalisation of landforms (Wood, 1996; Jenny et al., 2011; Jasiewicz and Stepinski, 2013) and could provide the basis for a better representation of the global topography. 
